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What can jets teach us about QGP?
Today: What have we learned?

Tomorrow’s keys to solving QGP riddles

+ Improved facilities and new instrumentation
- Extended reach and precision at RHC & LHC
- New approaches in experiment and theory



Jets as tools to characterize QGP

Medium effects on jets allow extraction of QGP
transport coefficients:

+ §: transverse momentum diffusion (radiative
energy loss)
« &: longitudinal drag (collisional energy loss)

=0.08,6=0.7,t = 5[fm]

Jets as tools to manipulate QGP

How does QGP respond to local energy . 4
deposition by jets? \|
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o\ pecppesm e Jets as tools to understand QGP
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003 How does the strongly coupled liquid emerge from QCD?
o - Jets probe QGP at different (controllable) length scales
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High pT suppressnon at LHC Photon-hadron
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We can measure jets in heavy ion collisions

Calorimeter
Towers
)

Jet measurement approach:

 Clustering with anti-kr algorithm

» Subtraction of event-by-event background energy
estimate

» Jet energy corrections using pp calibration and MC
correction factors

Achieved good experimental control

» Jet energy scale (2-4% above 30 GeV)
* Resolution and UE fluctuations (~15%@100GeV)

» Reconstruction efficiency (close to 100% @50+ GeV)}

This was not obvious a-priori;
success enabled by nature of
observed jet modifications

T UL . o

Complementary approaches to Y D wieshy Mt
reconstruction biases S oss | e
« At low pr: efficiency vs fake jets O7SE o s E
* Restrict measurement to high pt (CMS/ATLAS) 5 008
« Ensemble-based measurement with combinatorial {oot "0

correction (ALICE/STAR) S oo b
IIIII Gunther Roland Jets at RHIC ar = zcsfm(é?wcioo ~ 5 QCD Town Meeting



We can extract QGP transport coefficients from jet
guenching measurements
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Combined RHIC and LHC data:

» Test model consistency

 First hint of temperature dependence

Quantitative extraction of & awaits more precise heavy flavor data
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We can observe medium modifications of jet
momentum and angular structure

Jet shapes Fragmentation functions Raa radius dependence
'CMS PbP, sy =276TeV ' '~ SRR S5 M opipbie— - 2967y | 210 % 3
1.5 L dt = 150 bs:m G - 18- * CMS-HIN-12:013 gU EPb+Pb\SNN; 2.76 TeV 0 ‘IO%E
L = U i _ r ?61004,/%) 200 GV o 18 [Ldi=Tub ATLAS —
- . . _ + — 6E <p. < eV/c L : .
- anti-k, jets: R=0.3 1 o 1.6¢ » ATLAS BM2014 x r :
g r . = 14F 0-10%/60-80%
< o F Py’ > 100 GeV/c .
& L 5 12¢ m g
f 5 1<; fffff &1[&@@ *********** m"? ********* -
S ° = F . o] m;ﬁﬁ‘ ) ]
< jet 1 £ sk 1% =
p, >100GeVic | g 99 ]
I 03<m <2 | % osl E
0.51 0-10% plrack >1 GeVie 045 E I =
(|)HH0|1HH0|2HH0|3I S R “40 50 60 70 100 co1 2°
. . . e
r € =1In(1/z) 'DT[ !
0.4

Little change at

Agecoil(R=0-2)/Agec0i(R=0.4)

Tl small r, high p
o 1.4r —4— ALICE data % ] T
2 12 (D) e ‘ e
e T~ " _ .
gt !b o, Narrowing/depletion
o 08— - o . . .
Zos | :—a-—iﬁ e at intermediate r, p;
<I§0.4§ »%“ 'r'r[zo,go].[aég]v ) 0 1 /
0.2 = p'>0.15 GeV/c anti-ky . .
S Dt ccissiriosirioio & Broadening/excess
0 10 20 30 40 50 60 70 sg$:e‘(9(§)eV/c1:?o ‘/ at Iarge ,-’ IOW pT
. O | ! |
ARrecoil radius dependence 0 01 02 03

Radius r (~2% of jet energy)

H .
III" Gunther Roland Jets at RHIC and LHC 7 QCD Town Meeting



We see out-of-cone momentum flow relative to jet
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PHENIX
y-hadron
correlations

Enhancement of low-p; correlated

Is this “trivial” jet-medium coupling or
signature of modified QCD branching
(“turbulent flow™)?
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Tomorrow
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Future program enabled by accelerator development

LHC schedule
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HI Vs = 5TeV HI Vs = 5.5TeV
PbPb Collision rate = 20kHz Collision rate = 50kHz
Lint = 3/nb Lint = 10/nb (run 2+3)
20102011 HL-LHC © o ArLAS prominary | ————
2.76 TeV 160 ub~! | 5.5 TeV 10 nb " § [ [simulation ‘
Jet pr reach (GeV/c) ~ 300 ~ 1000 s S i
Dijet (p1 > 120 GeV/c) 50k ~ 10M Gt e
b-jet (pr > 120 GeV/c) ~ 500\\ ~ 140k S [ et
Isolated vy (pT > 60 GeV/c) ~ 1.5k ~ 300k 21 JETPHOX 130 |
Isolated 7y (pT > 120 GeV/c) - ~ 10k - b= M=ty =Py
W (p% > 50 GeV/c) ~ 350 ~ 70k o .
Z (p% > 50 GeV/c) ~ 35 ~ 7k / b, [Gev]

Compared to LHC Run1: x60 due to higher luminosity; x3 due to higher s
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Major upgrades to all LHC experiments

Expanded calorimetry

New inner tracker

Faster TPC readout

Improved data acquisition rate

Improved trigger system
New/extended inner tracker

Improved trigger system
New/extended inner tracker

H .
III" Gunther Roland Jets at RHIC and LHC 1 QCD Town Meeting



A state-of-the-art jet detector at RHIC

Use consistent experimental approach at RHIC and LHC
to provide leverarm from T=Tcto T » Tc

Study jet quenching vs medium temperature and density,
parton pr, flavor and pathlength

 to achieve a detailed characterization of QGP

 to understand how QGP properties arise from QCD

o Key capabilities
eames o ]| calorimetry

EMCAL

SOLENOID L4 Tra Ck| N g

womow. ¢ Rate capability
to exploit luminosity (>50/nb)
and Vs range (62-200GeV) at RHIC

sPHENIX

RHIC integrated luminosity up to
x10 higher than LHC

H .
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Kinematic reach: Now and tomorrow!)

()Artist’s impression

(1 RAA”

“X+Jet”

[ 1 RHICtoday e LHC today RHIC tomorrow LHC tomorrow
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e D mesons
OIS B mesons
..................................... b Jets
e Dijets (pt.1)
.............. y+jets (ptY)
:........... ZO+JetS (pTZ)
Double b-tag (pT.1)
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Kinematic reach: Now and tomorrow!)

()Artist’s impression

1 RHICtoday 777000 i LHC today RHIC tomorrow LHC tomorrow
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New observables; smaller uncertainties; broader pt reach

It RHIC+LHC overlap
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The importance of photon-jet correlations

Using isolated photons to tag away-side jets
 determines initial parton energy to = 15%
« determines initial direction of the parton
 tags parton to be a light quark

40 < pr¥ < 50GeV

1.5 * PbPb0-30%
|~ m Smeared pp reference |
HE Data
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photon pr <50GeV:
Spectrum PbPD jets is

suppressed vs pp

Biased jet selection

| ! I ' |
50 < pr¥ < 60GeV

jet pr > 30 GeV
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60 < pr¥ < 80GeV

{prv > 80GeV CMS Preliminary .

| ' I ! I ' |

\s=2.76 TeV |

PbPb 150 ub™
pp 5.3 pb”

051 1 15 2

photon pt >80GeV:
Spectrum of PbPb jets is

shifted vs pp

Unbiased jet selection

Sufficiently high y pt or sufficiently low jet pt yield unbiased selection of jets
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From Z° tags to B tags, and from LHC to RHIC

Z0+jet

y+jet
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Compare well-calibrated probes at RHIC/LHC to separate
parton prt, flavor dependence and medium conditions
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Energy flow and medium response

Ma, Wang PRL 2011 salx| s Neufeld, Vitev PRC 2012 St ¥
§ 2k di-hadron(flow BG removed) ( —=003 0=0.1,t = 5[fm] — , = =008, #=0.7,t = 5[fm]
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Do we have a medium, if there’s no medium response?

Experimental and theoretical challenges:
« Strength and angular structure of medium response

unknown
 Jets are correlated with the complex e-by-e flow fields

through quenching
* How to distinguish medium-response from modified jet

branching?
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2011

* 0.015/nb

* 4 months analysis time

* in-cone vs out-of-cone
“missing pt’ for dljetS

.....

© ! ! ! h‘ Cone @ ml Cone
CMS 0-30%
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PbePb \s_=2.76 TeV
Jrar=eru s ==
_ 20 I
> — __
S o
& >
20F
aoF +
1
1 L 1 1 1
0. 0. 03 0.
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2014

0.15/nb

2 years analysis time
Improved tracking correction
Improved jet bkg subtraction
Detailed AR dependence of
“missing pr” for dijets
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Jets at RHIC and LHC

2015-2024

* 10/nb (LHC) 50/nb (RHIC)

» y+jet (no flow correlations)

« MPT — absolute
correlated yields vs (An,
Ag)

e Differential in e-by-e
energy loss

* Different medium
conditions at RHIC and
LHC
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Indication of energy flow differences at RHIC vs LHC

raction

n

Ryus (Au+Au/PYTHIA)

RHIC (STAR)
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Jets balanced when
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LJﬁC)(AdJ()EZ/¥TLﬁu3 CMS)

Energy balance found
outside of jet cone

Strong radius

dependence of jet RAA
<

Weak radius

dependence of jet RAA

Jets at RHIC and LHC
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Jet measurements as QGP microscope

Event- by Event energy loss

o
E : ‘ 0.253
- ¢ U=
; scatterer . \Zos ]
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§ mass =2
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w4 Rt 4 3
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o No e\ i 13
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: 3
- . 3
=
% as =03
2 ...................................

Coleman-Smith, Muller,
arXiv:1209.3328

Need = x10
better precision

Large angle jet scattering

Prob(A™2, oa)
0.06

“pQCD plasma”

Weak, 2=2
005 Strone, s=2
0.04
003
0.02

oo1f  AdS/CFT goo™

T30 40 50 60 70 380 90

D’Eramo, Rajagopal, ‘12
updated calculation underway

. x10%
© CMS  °s. STAR et
/] » ta (0%-10%)
y+jet data )| ;dm@f

3 .
A0 . Oy, (rad)

trig 'jet

Angular and momentum structure
of parton cascade

Momentum scales: Log(p)

) 2 )
Medium cascade e 2
Late DGLAP K

(kfurml)- v
Angular scales: Log(0)
Kurkela, Wiedemann,
arXiv:1407.0293

2 -12 2%
(0. ksp]il()

Differential (event-by-event) measurements may allow glimpse
at “QCD Rutherford scattering” off QGP constituents
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Jet structure in pp and PbPb

Liliana Apolinario
Lisbon HI jet workshop
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Number of sub-jets
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18 PARTONIC LEVEL
“r Strong Coupli
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16 | Collisional s
(CMS)Data +—e—
B 0—10%
=
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111(1/255
Dani Pablos
Lisbon HI jet workshop
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Jesse Thaler, Boost 2014

‘ '0.3

] Pythia 8

I(T;X5)

quark vs.gluon
p* mo

LL

_.0

20 "] Herwig++
I(T;X5)
L5p | ey
k 1.0} [ ] '0.3
05} ]
LL
00 . _ 5R B
00 05 10 15 20

X5 = Z 259;

i€jet I T—\

momentum angle to
fraction  recoil-free axis

Jet structure variables sensitive to
(in-medium) shower evolution

Critical effort in pp highest sensitivity searches
(g9/g and boosted object discrimination)

Stability vs pp pileup is major issue

Convergence of AA and pp needs

Jets at RHIC and LHC
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Summary

- Jets probe fundamental features of QGP
- We reached an era of quantitative comparison of data
and theory
- We have learned how to construct jet-based observables
in heavy-ion collisions
- Jets can solve fundamental questions in hot QCD
- Precise measurement of transport properties
 Further characterization of QGP liquid nature
- Understanding the emergence of QGP nature from the
underlying degrees of freedom
- High precision studies ahead at RHIC and LHC
- Upgraded facilities, upgraded and new experiments
+ Close experiment/theory collaboration
 Close collaboration with pp

H .
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